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(57) Abstract: An optical wireless 
communication receiver comprises a 
dielectric totally internally retlccting 
concentrator (DTIRC) (L ) having a convexly 
curved receiving surface (2) for receiving 
incident radiation over a wide field-of-view 
and a concavely curved side surface (3) 
from which radiation passing through 
the receiving surface is totally internally 
rellected towards a detection surface (4). A 
narrowband optical filter (6) is provided for 
filtering the radiation before it reaches the 
detection surface (4), and a photodetector 
serves to detect the radiation reaching the 
detection surface (4) and to provide an 
electrical output signal indicative of the 
radiation detected. Such an arrangement 
offer higher concentration and allows the 
use of small photodeteciors which reduces 
the capacitance and the cost and improves 



receiver sensitivity. 
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WIRIZLESS COMMUNICATION RHCIilVER USING A TOrALLY INTHRNALLY RHh'LliCTING CONCENTRA- 
TOR 

This invention relates to wireless communication receivers, and is concerned 
more particularly, but not exclusively, with optical wireless communication receivers, 
such as indoor infrared communication receivers. 

It should be understood that the term "optical" is used in this specification to 
denote not only those wavelengths within the visible spectrum, but also infrared and 
ultraviolet wavelengths, that is the complete wavelength range from Inm to 1mm. 

Intensive research has been carried out in recent years to improve optical 
wireless communications systems for indoor and outdoor applications. This is because 
the optical part of the spectrum offers significant advantages when compared to radio as 
• a medium for short range communication. In particular infrared communication 
provides high bandwidth at low cost, is immune to radio interference and uses a 
spectrum which is freely available. Furthermore infrared components are inexpensive, 
small and consume little power. However infrared also has some drawbacks. In some 
configurations infrared Unks may be broken by persons or objects placed in the 
communication path. Generally indoor optical wireless communications systems 
operate in "noisy" environments due to artificial lighting or sunlight. A large number of 
applications make use of intensity modulation/direct detection (IM/DD) as the 
transmission-reception technique, and the electrical signal-to-noise ratio of a DD 
receiver is proportional to the square of the received optical power. This means that the 
system can tolerate only a small path loss, and the transmitter requires a high power 
output. However the transmitter power output is limited by safety considerations and 
power consumption. 

It is possible to reduce the effects of path loss and background noise by utilising 
a photodetector having a large effective collection area and narrow optical bandwidth. 
However the high capacitance of such detectors results in a reduction of receiver 
bandwidth and a degradation of signal-to-noise ratio. Accordingly it is advantageous to 
have a transmitter having only a narrow optical spectrum so as to allow the receiver to 
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use a narrowband optical filter to reject ambient light radiation. It is also desirable to 
make use of an optical concentrator to improve the collection efficiency of the receiver 
by transforming light incident over a large area into a beam incident on a much smaller 
area. This enables smaller photodetectors to be used, which decreases the capacitance 
and the cost and improves receiver sensitivity. 

It has been demonstrated that the use of omnidirectional and directed 
concentrators in conjunction with multilayer bandpass filters effectively screens out 
imwanted ambient radiation and increases the effective area of the photodetector. 
J.P. Savicki and C.S.P. Morgan, "Hemispherical Concentrators and Spectral Filters for 
Planar Sensors in Defiise Radiation Fields", Applied Optics, Vol. 33, No. 34, December 
1994, pp. 8057-8061 disclose the use of a hemispherical dielectric concentrator with a 
filter coated onto its hemispherical surface. Such an arrangement achieves a narrow 
bandpass, a wide field-of-view and a gain close to (where N is the index of 
refi-action) as long as the hemisphere is large enough compared to the photodetector. 
Arrangements utilising rotationally symmetric compound parabolic concentrators- have 
also been proposed, for example by K. Ho and J.M. Kahn, "Compound Parabolic 
Concentrators for Narrowband Wireless Infrared Receivers", Optical Engineering, Vol. 
34, No. 5, May 1995, pp. 1385-1395. Arrangements utilising such concentrators have 
some advantages. For example flat thin-film optical filters can be used which are much 
easier to fabricate than hemispherical filters. Also such concentrators can be designed 
to have a gain higher than N^ if the field-of-view is less than 90*^, allowing the use of 
smaller photodetectors and hence reducing cost. However the principal drawback of 
such concentrators is their excessive length which makes them unsuitable for many 
practical applications. 

It is an object of the invention to provide a narrowband wireless communication 
receiver having a wide field-of-view which avoids many of the problems associated 
with previously proposed arrangements. 

According to the present invention, there is provided a wireless communication 
receiver comprising a totally internally reflecting concentrator having a receiving 
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surface for receiving incident radiation over a wide field-of-view, a concavely curved 
side surface from which radiation passing through the receiving sxu-face is totally 
internally reflected towards a detection siu"face, filter means for filtering the radiation 
before it reaches the detection surface, and detection means for detecting the radiation 
reaching the detection surface and for providing an electrical output signal indicative of 
the radiation detected. 

Preferably the concentrator is a dielectric totally internally reflecting 
concentrator (DTIRC). DTIRC's can achieve concentrations close to the theoretical 
maximum limit because they combine receiving surface refraction with total internal 
reflection from the side surface. Compared with hemispherical concentrators, DTIRC's 
offer higher concentration and the possibiUty of using flat thin-film optical filters which 
are easier to fabricate and allow manufacturing tolerances to be relaxed. Furthermore 
this allows the use of smaller photodetectors which reduces the capacitance and the cost 
and improves receiver sensitivity. DTIRC*s have two advantages compared with 
compound parabolic concentrators in that DTIRC's are of smaller size (typically nearly 
a fifth of the size) and allow higher concentration, as a result of the design of the 
curvature of their surfaces and the use of dielectric materials of large refractive index. 

In order that the invention may be more fully understood, reference will now be 
made by way of example, to the accompanying drawings, in which: 

Figures 1, 2 and 3 show three different embodiments of the invention; 

Figure 4 is a diagram illustrating the fabrication of a thin-film bandpass optical 

filter; 

Figure 5 is a graph of the angular transmission characteristics of a thin-film 
optical bandpass filter; 

Figure 6 is a graph of the variation of the centre wavelength with angle of 
incidence for a thin-film optical bandpass filter; 
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Figure 7 is a graph showing the transmission curve of a Gallium Arsenide 
material superimposed on the typical responsivity of a Silicon photodiode; 

Figures 8 and 9 are explanatory diagrams; 

Figure 10 shows a further embodiment of the invention; 

Figures 11a and lib are end and side views of an array utilising a number of 
such receivers; and 

Figure 12 is a side view of a modification of the array of Figures 11a and 1 lb. 

Figure 1 shows a first embodiment of optical wireless communication receiver 
in accordance with the invention comprising a DTIRC 1 having a concexly curved 
receiving surface 2, a rotationally symmetric concavely curved side surface 3 and a 
circular detection surface 4. The detection surface 4 incorporates a photodetector 5, 
such as an infi-ared detector for example. A planar thin-film optical filter 6 overlies the 
detection surface 4, and is sandwiched between index matching films 7 and 8 for 
matching the refiractive index of the filter to the refractive indices on either side of the 
filter. The DTIRC 1 is made predominantly of a dielectric material having a low 
velocity factor which, in optical and infrared implementations, is equivalent to saying 
that the material has a high refractive index (e.g. that it is a material such as perspex or 
crown glass). 

Although such an embodiment possesses the advantage that it incorporates a flat 
filter, which is easier to fabricate than other shapes of filter, it suffers from the 
disadvantage of lower sensitivity in some directions due to the reflection at the 
receiving surface of light at certain angles of incidence, and is therefore mainly suited to 
applications such as optical telepoint. 
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Figure 2 shows a second embodiment of the invention comprising a DTIRC 10 
having a convexly curved receiving surface 12, a rotationally symmetric concavely 
curved side surface 13 and a circular detection surface 14 incorporating a photodetector 
15. In this case a hemispherical thin fikn optical filter 16 is provided on the receiving 
surface 12. Optionally an anti-reflection coating 17 is provided on the detection surface 
14, an index matching film 18 being provided on the anti-reflection coating 17. This 
embodiment is suitable for both directed and diffuse systems in which a compromise 
can be made between optical gain and the field-of-view of the receiver. 

Figure 3 shows a further embodiment comprising an array of DTIRC's 20, 21 
and 22 having convexly curved receiving surfaces 23, 24 and 25 disposed at different 
angles for receiving light over a wide combined field-of-view. Each of the DTERC's 20, 
21 and 22 is of the same general construction as the DTIRC 10 as described v^th 
reference to Figure 2. Furthermore the photodetectors 26, 27 and 28 of these DTIRC*s 
20, 21 and 22 are connected to common detection circuitry (not shown) such that the 
circuitry is responsive to light received by the three concentrators. Such an arrangement 
allows a high gain and a total field-of-view of 90° half angle or higher. 

Such receivers utilising DTIRC's provide greater collection efficiency as 
compared with hemispherical concentrators, as well as presenting the possibihty of 
using flat thin-fihn optical filters which are easier to fabricate and permit relaxation of 
the manufacturing process. This allows the use of smaller photodetectors, which in turn 
reduces cost and capacitance and increases the receiver sensitivity. 

Where such receivers are used in high speed indoor infirared communication 
systems having transmitters with a narrow optical spectrum, the receivers may use 
either bandpass or longpass filters to allow the passage of light at substantially only the 
wavelengths used by the transmitters, whilst rejecting most of the incident radiation that 
contributes to noise in the receiver. As shovm diagranunatically in Figure 4, bandpass 
optical filters are usually constructed fi-om multiple layers dielectric films which, 
provide filtering by virtue of optical interference. The filter 30 comprises two or three 
sections 31 in the form of Fabry-Perot resonators which act as comb-line filters. Each 
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adjacent sections 31 are connected together by a coupler layer 35. The response of 
these filters has a strong dependence on the angle of incidence, and this must be taken 
into account when designing the receiver. 

It has been shown that the transmission characteristics of the filter can be 
approximated to an ;;/th order Butterworth response of the form: 



where G is the angle of incidence, Xq is the centre wavelength at normal incidence, Tfo is 
the peak transmission, and AX is the optical bandwidth of the filter. This approximation 
fails to take into account the degradation in the filter profile and the bandpass ripple, but 
shows clearly the dependency of the centre wavelength with the angle of incidence. 
The variation of the centre wavelength of the filter {Xc) with the angle of incidence (0) 
can be approximated by: 



where ni is the refiractive index of the input layer, Us is the effective refiractive index of 
the spacer, and Xq is the centre wavelength at 9 = 0°. Figiure 5 shows a typical 
transmission spectrum of an optical bandpass filter using a Butterworth approximation. 
Figure 6 shows the angular dependence of centre wavelength for a thin-film filter. 
Thin-film bandpass filters achieve a high rejection of ambient light because they can 
have very narrow bandwidths, sometimes below 1 nm. 

From Figure 6, it can be seen that, as the value of the angle of incidence of the 
Ught increases, the central wavelength of the filter shifts to smaller values, and it will be 
appreciated that this phenomenon has to be taken account of when designing receivers 
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having a wide field-of-view. In particular it is important to ensure that the spectrum of 
the transmitter hes within the filter bandwidth in order to maximise the signal-to-ratio at 
the receiver. 

As an alternative to using bandpass filters to reject background noise, it is 
possible to use longpass filters having a highpass characteristic in combination with 
Silicon photodetectors having a cutoff wavelength beyond which they do not detect. 
Figure 7 illustrates this alternative by showing the response characteristic 40 of the 
Silicon photodiode superimposed on the response 41 of the longpass filter. It can be 
seen that the photodiode responds only to wavelengths below 1,100 nm, whereas the 
filter passes wavelengths over about 780 nm giving an optical bandwidth of about 
320 nm as indicated by the shaded region 42 in Figure 7. Longpass filters can be 
fabricated in coloured plastics or glass or a GaAs substrate. Furthermore the 
transmission characteristics of these filters are basically independent of the angle of 
incidence of the light so that they can be used with any kind of optical concentrator. 
However the bandwidth of such filters is relatively large, and they may not therefore be 
suitable for some applications. 

Design of the DTIRC 1 of Figure 1 using a phase-conserving method and the 
geometrical and optical properties of the concentrator will now be discussed below with 
reference to Figures 8 and 9 where 2 denotes the receiving surface, 3 denotes the totally 
internally reflecting side surface and 4 denotes the detection surface. When a set of rays 
50 hits the receiving surface 2 at an extreme angle (the acceptance angle) as shown in 
Figure 8, the rays are refi-acted and directed to the side surface 3 as shown at 51, where 
they are totally internally reflected towards the detection surface as shovra at 52. The 
only rays that reach the detection siurface 4 are those within the designed acceptance 
angle of the concentrator. If the rays incident on the receiving surface 2 are beyond the 
acceptance angle they will exit firom the side surface 3, thus missing the detection 
surface 4. 

The best way to design a 3D concentrator is by solving the 2D case since, once 
the 2D solution is obtained, it is possible to create a 3D equivalent by rotating the 2D 
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profile about its axis of symmetry. The receiving surface 2 is a portion of a sphere, and 
the slope of the side surface 3 is determined in accordance with the requirements of total 
internal reflection. It may also be necessary to take account in the design of other 
subsidiary conditions, such as the requirement for the angle of incidence of light on the 
detection surface not to exceed a certain value if a flat interference filter is used. Thus, 
in the case of a DTIRC 1 using a planar filter 6 as illustrated in Figure 8, the profile 
must be designed in such a way that the reflected rays do not exceed a maximum value 
of incidence. This restriction is due to the highly dependent response of the filter to the 
angle of incidence. 

The design is based on a phase conserving method by which the exiting extreme 
rays form a new wavefiront after reflection by the side surface 3, and the reflected rays 
must exist within a predetermined maximum angle. Referring to Figure 8, the side 
profile can be divided into two parts P1-P2 and P2-P3. In the first part (P1-P2) all 
extreme rays are directed to the comer point P3' after a single total intemal reflection. 
In the second part (P2 - P3) the exiting extreme rays form a new wavefi-ont after being 
reflected by the side surface 3. Figure 9 shows the total optical length of a ray firom the 
entrance wavefront to the exit wavefront consisting of four parts 11, 12, 13 and 14. The 
part 11 extends from a point on the initial wavefiront to the receiving surface 2, 12 
extends firom the receiving surface 2 to the reflection point 60 on the side surface 3, 13 
extends from the reflection point 60 to the exit surface 61, and 14 extends from the exit 
surface 61 to the final wavefront (when rays converge to P3' 14 is zero). Thus the total 
optical path length can be calculated as: 



where n denotes the refractive index of the material of the DTIRC. 

The profile coordinates can be calculated analytically solving 11, 12, 13 and 14 by 
combining the above equation with height constraints and according to proposed 
subsidiary conditions. 
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A program based on this method has been developed to generate the side profile 
curves numerically with the aid of Matlab, the inputs to the program being the 
acceptance angle, the receiving surface arc angle, the refractive index of the dielectric 
material and the exit aperture. The program assumes a trial entrance aperture and trial 
height, and can calculate the profile coordinates with a set of extreme rays, the total 
nimiber of extreme rays used depending on the precision requirement, and the program 
beginning with the extreme ray reflected at P3 and ending with the extreme ray entering 
at PL The programme compares the trial aperture with the entrance aperture generated, 
and the new aperture and height are obtained from the difference between the two 
apertures, the iteration being continued until the trial aperture and calculated aperture 
converge to within a predetermined error tolerance. Once the entrance aperture is 
defined, the X-Y coordinates of the DTIRC can be calculated. 

When designing an optical wireless communication receiver, a number of 
different criteria must be taken into account, such as cost, required power, size, weight, 
availabiUty of components etc., as well as the requirements of directivity and signal-to- 
noise ratio. Limitations are imposed by the size of the photodetector (du-ectly. related to 
cost and capacitance) and the index of refraction of concentrating material. The index 
of refraction could be chosen to be as high as possible, in order to achieve maximum 
concentration with small size. Furthermore, as the index of refraction increases, the 
geometrical concentration increases. Also, as the receiving surface arc angle changes 
from low to high, the geometrical concentration is substantially constant for some 
refractive indices. Apart from the refractive index, the other two parameters that affect 
the concentration are the receiving surface arc angle and the acceptance angle (assuming 
a wavefront from a source at a great distance). The geometrical concentration is 
inversely proportional to the acceptance angle, although generally the concentration is 
affected to a relatively minor extent by the receiving surface arc angle. 

When designing a diffuse link, a compromise must generally be made between 
geometrical concentration and field-of-view. For instance, it has been calculated that, if 
a room of 3 cubic metres is diffusely illuminated, a receiver having a field-of-view of 
60° half angle is sufficient to cover the whole room. However it will be appreciated that 
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the systems which can take more advantage of the use of DTIRC's (because of the their 
high gain) are directed and LOS systems. As already commented thin-film bandpass 
filters have a strong dependence on the angle of incidence, and this must be taken 
accoimt of when designing the DTIRC. If such a bandpass filter is used and it is 
necessary to restrict the output angle to below 45°, the receiving surface arc angle must 
be as high as possible, which will also reduce the size of the concentrator. If the DTIRC 
is to be designed to have a high maximum output value, the best option is to use a 
longpass filter combined with a silicon photodetector as described above. This permits 
high concentration combined with filtering of unwanted background radiation. 
Generally the geometrical concentration increases as the acceptance angle decreases. 

The use of a rotationally-symmetric, three-dimensional DTIRC allows the 
thermodynamic limit of optical concentration to be approached without requiring a 
concentrator of excessive length. 

Figure 10 shows a further embodiment in accordance with the invention in 
which one end of the DTIRC 71 is extended by a light pipe 74 or an optical fibre to 
permit optical coupling to remotely installed electronic circuitry or to allow different 
light capture capabilities. It will be appreciated that none of the functionality is lost by 
extending the end of the optics by means of a light pipe 74 or an optical fibre if the path 
of a light beam 73 through the receiving surface 72 is considered. The end of the hght 
pipe 74 may incorporate a narrowband interference filter 75 and a circular detection 
surface 76. ^ 

. A particular benefit of such an arrangement is that the transmit/receive 
electronic circuitry can be on a remote printed circuit board, which is conveniently 
placed for the particular installation. A typical example of this would be a television, 
video or DVD player in which the optical receiver would face the room to pick up an 
infi-ared signal fi-om a remote control imit either directly aimed at it or reflectively. In 
this case, the receiving surface 72 may incorporate a filter material embedded in the 
optical material firom which the receiver and light pipe are made, in place of the 
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narrowband interference filter 75. This renders the receiver cheap to manufacture in say 
plastic, and is therefore advantageous commercially. 

In a development of the invention, an array of DTIRC's 1 is mounted on a 
support 80, as shown from one end and one side in Figures 11a and lib, and the output 
signals from the associated photodetectors are supplied to common detection circuitry 
(not shown). This permits a larger capture area and hence greater sensitivity. It also 
means that the electronic bandwidth is improved, compared to an equivalent single 
DTIRC receiver with the same overall capture area. The DTIRC's 1 are joined together 
by links 81 at points where the optical concentration is not disturbed. If flexible links 
82 are provided, this allows flexible arrays to be created which can conform to a curved 
surface, as illustrated in Figure 12. 

The concentrators in accordance with the invention described above can be 
rendered even more adaptable by selection of a particular dielectric material for the 
required application. For example, it is possible to use a ferroelectric material in place 
of a straightforward plastics or ceramics material, to enable the device to be tuned to 
different frequencies or wavelengths. Additionally the tuning can be used to optimise 
other properties of the device, such as the impedance characteristics and the 
directionality of the device. It follows that the properties of the device can be varied by 
use of a suitable electrical or electronic control system, and this would render the device 
suitable for use in a software-based radio system. 

Whilst the above description is given with reference to the use of DTIRC's, it 
should be understood that the invention also contemplates use of totally intemally 
reflecting concentrators made from other materials in which the velocity of the radiation 
within the material is less than the free-space velocity. Furthermore it is contemplated 
that receivers within the scope of the invention will have application with 
electromagnetic radiation outside the optical wavelength range, as well as with acoustic 
radiation. 
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1. A wireless communication receiver comprising a totally internally reflecting 
concentrator (1; 10; 20, 21, 22; 71) having a receiving surface (22; 12; 23, 24, 25; 72) 
for receiving incident radiation over a wide field-of-view, a concavely curved side 
surface (3; 13) from which radiation passing through the receiving surface (22; 12; 23, 
24, 25; 72) is totally internally reflected towards a detection surface (4; 14; 76), filter 
means (6; 16) for filtering the radiation before it reaches the detection surface (4; 14; 
76), and detection means (5; 15; 26, 27, 28) for detecting the radiation reaching the 
detection surface (4; 14; 76) and for providing an electrical output signal indicative of 
the radiation detected. 

2. A receiver according to claim 1, wherein the concentrator (1; 10; 20, 21, 22; 71) 
is a dielectric totally intemally reflecting concentrator (DTIRC). 

3. A receiver according to claim 1 or 2, wherein the filter means (6; 16) comprises 
a narrowband filter. 

4. A receiver according to claim 3, wherein the filter (6; 16) is an interference filter 
constructed firom multiple layers of thin dielectric films. 

5. A receiver according to claim 1 or 2, wherein the filter means (6; 16) comprises 
a longpass filter which is used in combination with detection means (5; 15; 26, 27, 28) 
having a wavelength threshold so that only wavelengths within a required bandwidth 
are detected. 

6. A receiver according to any one of claims 1 to 5, wherein the filter means 
comprises a flat filter (6) in the vicinity of the detection surface (4; 76). 

7. A receiver according to any one of claims 1 to 5, wherein the filter means 
comprises a curved filter (16) on the curved receiving surface (12). 
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8. A receiver according to any preceding claim, wherein an antireflection coating 
(17) is provided on the detection surface (4; 14; 76). 

9. A receiver according to any preceding claim, wherein an index-matching coating 
(7, 8; 18) is provided on the detection surface (4; 14; 76). 

10. A receiver according to any preceding claim, wherein the concentrator (1; 10; 
20, 21, 22; 71) has a convexly or concavely curved receiving surface (22; 12; 23, 24, 
25; 72). 

11. A receiver according to any preceding claim, wherein the concentrator (71) is 
extended by a light pipe (74) which conducts the incident radiation towards the 
detection surface (76). 

12. A receiver according to any preceding claim, wherein the concentrator is 
extended by an optical fibre which conducts the incident radiation towards the detection 
surface. 

13. A receiver according to any preceding claim, further comprising detection 
circuitry for receiving the electrical output signal from the detection means (5; 15; 26, 
27, 28). 

14. A receiver according to any preceding claim, comprising an array of totally 
internally reflecting concentrators (1), and detection means for detectnig the radiation 
received by the concentrators (1) and for providing an electrical output signal indicative 
of the radiation detected. 

15. A receiver according to claim 14, wherein the concentrators (1) have receiving 
surfaces (2) disposed at different angles for receiving incident radiation over a wide 
combined field-of-view. 
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16. A receiver according to claim 14 or 15, wherein the concentrators (1) are 
connected together by flexible links (82) to enable the receiver to confonn to a required 
shape. 
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